SUMMARY
Maternally inherited noncoding RNAs (ncRNAs) can regulate zygotic gene expression across generations [1] [2] [3] [4] . Recently, many stable intronic sequence RNAs (sisRNAs), which are byproducts of pre-mRNA splicing, were found to be maternally deposited and persist till zygotic transcription in Xenopus and Drosophila [5] [6] [7] . In various organisms, sisRNAs can be in linear or circular conformations, and they have been suggested to regulate host gene expression [5] [6] [7] [8] [9] [10] . It is unknown whether maternally deposited sisRNAs can regulate zygotic gene expression in the embryos. Here, we show that a maternally inherited sisRNA (sisR-4) from the deadpan locus is important for embryonic development in Drosophila. Mothers, but not fathers, mutant for sisR-4 produce embryos that fail to hatch. During embryogenesis, sisR-4 promotes transcription of its host gene (deadpan), which is essential for development. Interestingly, sisR-4 functions by activating an enhancer present in the intron where sisR-4 is encoded. We propose that a maternal sisRNA triggers expression of its host gene via a positive feedback loop during embryogenesis.
RESULTS AND DISCUSSION
To look for maternally inherited circular stable intronic sequence RNAs (sisRNAs) in Drosophila, we treated RNA from 0 to 2 hr embryos with RNase R, a 3 0 to 5 0 exoribonuclease that degrades linear RNA, leaving behind circular RNA [6, 9, 10] . By performing strand-specific deep sequencing, we identified five RNase R-resistant sisRNAs (Figures 1A and S1; Table S1 ). On the genome browser, the position of the peaks within the introns display characteristics of circular sisRNAs derived from splicing. The 5 0 ends of the peaks are close to the 5 0 splice sites, whereas the 3 0 ends coincide with the branch points ( Figures 1A and S1 ) [6, 9] . Circular conformation was confirmed by RT-PCR using outward-pointing primers detecting the most abundant sisRNA from the CG9775 locus ( Figure S2A ). Next, we confirmed that two of these sisRNAs from the CG9775 and deadpan (dpn) loci are maternally deposited by their presence in unfertilized eggs ( Figures 1A, 1B , and S2B).
We focused our attention on the sisRNAs from the dpn intron. The dpn locus encodes a conserved basic helix-loophelix transcription factor essential for development [11] [12] [13] [14] . On the genome browser, two peaks are present in the dpn intron in the RNase R treated sample ( Figure 1A ), suggesting two circular molecules as confirmed by RT-PCR following RNase R treatment ( Figure 1C ). The abundance of dpn sisRNAs is too low to perform RT-PCR using outward pointing primers because reverse transcription across the branch-point is a very inefficient process. As a proof-of-principle that RNase R-resistant sisRNAs are circular, we had used the most abundant circular sisRNA of CG9775 ( Figure S2A ). The pattern of the intronic peaks is consistent with the idea that these circular sisRNAs are generated by recursive splicing [15] . A recursive splice site (RSS; AG/GT) is present right at the valley of the two peaks, and two branch points are present just before the 3 0 splice sites ( Figure 1A ). The expression of dpn sisRNAs is high in early (2-14 hr) embryos and drops during late (14-24 hr) embryogenesis, correlating with the expression of the dpn mRNA ( Figure 1D ). Incidentally, the dpn locus also contains an antisense long noncoding RNA (ncRNA) CR44275 that overlaps at the 3 0 end of the dpn 3 0 sisRNA, hereafter called sisR-4 ( Figure 1E ). CR44275 is expressed in early and late embryos but hardly detectable in unfertilized eggs by strand-specific RT-PCR ( Figures 1F and 1G ). The dpn second intron, which encodes sisRNAs, is generally more highly conserved than the first intron. Within the second intron, the region that encodes for the dpn 5 0 sisRNA is more highly conserved than sisR-4, suggesting that it may also be functionally important. The 5 0 and 3 0 ends of sisR-4 are highly conserved, but not the middle portion. CR44275 is highly conserved because it overlaps largely with the exonic region of dpn and 3 0 end of sisR-4 ( Figure 1E ). An insertion mutant dpn
MI00051
, which disrupts sisR-4, was used to investigate the function of sisR-4 ( Figure 2A ). The dpn MI00051 line contains a Minos transposon insertion at a conserved region of sisR-4 and greatly reduces sisR-4 expression and to a lesser extent CR44275 ( Figure 2B ). We investigated whether sisR-4 is required for embryonic development by examining dpn MI00051 homozygous mutant embryos. Mated female flies were allowed to lay eggs for 10 hr before the eggs were collected and allowed to develop for another 14 hr. Thereafter, hatching of embryos was examined at 2 hr intervals starting at the 2 hr time point ( Figure 2C ). The hatching rate for dpn MI00051 embryos was significantly lower than that of the controls ( Figures 2D and 2E ), indicating that sisR-4 is required for embryonic development. Next, we investigated whether maternal sisR-4 is required for embryonic development. Indeed, when we crossed dpn MI00051 females with y w males, the resulting embryos had a very low hatching rate as compared to crossing y w females with dpn MI00051 males ( Figures 2F and 2G ). Embryos derived from maternal dpn MI00051 mutants expressed lower levels of sisR-4 compared to those derived from paternal dpn MI00051 mutants ( Figure 2H ). These results suggest that maternally deposited sisR-4 is required for embryonic development. Unfertilized eggs Table S1 .
To confirm whether the embryonic developmental phenotype of dpn MI00051 is indeed due to the lack of sisR-4, we performed a rescue assay by restoring sisR-4 expression in dpn MI00051 mutants. We generated transgenic flies harboring Figure 3A ), a method that was previously used to express sisRNAs [7] . Expression of this transgene led to an increase in circular (RNase-R-resistant) sisR-4 expression in 2-14 hr embryos ( Figures 3B and 3C ). Importantly, zygotic expression of sisR-4 rescued the embryonic developmental phenotype of dpn MI00051 embryos ( Figures 2D   and 3D-3F ). These data indicate that zygotic expression of sisR-4 is sufficient to rescue the lack of maternal sisR-4 (Figure 3G) , suggesting that maternal sisR-4 plays a role by regulating gene expression during embryonic development. We did not manage to generate functional transgenic flies to knockdown or overexpress CR44275, precluding our analysis on CR44275. Nevertheless, maternal CR44275 is hardly detectable as compared to sisR-4, implicating a major contribution of maternal sisR-4 during early development. Because the sisR-4 host gene dpn is essential for development [11] [12] [13] [14] , and circular sisRNAs have been shown to positively regulate the transcription of their host genes [9, 16] , we hypothesized that sisR-4 may regulate embryonic development, at least in part, by promoting its host gene transcription. In sisR-4 mutants, the expression pattern of Dpn protein was perturbed, especially in the ventral neuroblasts ( Figure 4A, arrowheads) , suggesting that sisR-4 regulates embryonic development, at least in part, by promoting Dpn expression. During early embryogenesis, sisR-4 is present in both the nucleus and cytoplasm ( Figure 4B) , similar to what was seen in Xenopus oocytes [6] . On the other hand, CR44275 is mainly detected in the cytoplasm. In dpn MI00051 2-14 hr embryos, the levels of dpn pre-mRNA were decreased by 50% compared to controls ( Figure 4C ). This was accompanied by a decrease of a similar degree in spliced dpn mRNA ( Figure 4D ), suggesting a transcriptional, but not a splicing, defect. It may also suggest that sisR-4 regulates the stability of dpn pre-mRNA. Furthermore, the Minos insertion did not interfere with the splicing of dpn pre-mRNA ( Figure 4E ), excluding the possibility that the drop in dpn pre-mRNA in dpn MI00051 embryos was due to degradation of improperly spliced Minos-containing dpn pre-mRNA. Importantly, overexpression of dpn rescued the lethality phenotype of sisR-4 mutants ( Figure 4F ), indicating that sisR-4 regulates development, at least in part, by promoting dpn expression. It is possible that sisR-4 may regulate other genes that act together with dpn to control embryogenesis. Expression of sisR-4 in dpn MI00051 embryos was sufficient to restore the levels of dpn pre-mRNA ( Figure 4G ), supporting the idea that sisR-4 promotes dpn transcription. To corroborate the idea that sisR-4 regulates dpn transcription, we next asked whether overexpression of sisR-4 in the wild-type background alone is sufficient to induce dpn pre-mRNA expression. Indeed, overexpression of sisR-4 led to an increase in dpn pre-mRNA expression ( Figure 4H ). Several enhancer sequences had been found to control dpn transcription. Interestingly, one of them is the intron that encodes for sisR-4 [17] [18] [19] . This intronic enhancer is active and adopts an open chromatin structure (high sensitivity to DNase) during early embryonic development ( Figure S3 ) [18, 19] . To test whether sisR-4 regulates dpn transcription via the intronic enhancer, we examined two GFP reporter lines that are controlled by either the intronic enhancer and 4K) , showing that sisR-4 promotes dpn transcription by regulating the dpn intronic enhancer. Although this study focuses on a nuclear role of sisR-4 in regulating parental gene transcription, the observation that both sisR-4 and CR44275 also localize to the cytoplasm suggests that sisR-4 and CR44275 may have additional regulatory roles.
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We propose that maternally inherited sisR-4 functions to promote transcription of dpn during early embryonic development. Transcription of dpn in turn produces more sisR-4, which triggers an amplification loop. This process results in a boost in the production of the dpn gene product that is required for embryonic development ( Figure 4L ). This paradigm of a maternally deposited ncRNA mediating an amplification loop is similar to that for Piwi-interacting RNAs (piRNAs) in the Drosophila germline. In one case, maternal piRNAs enter the ping-pong cycle to generate more secondary piRNAs [4] , whereas in another case, a maternal piRNA bound to Piwi promotes the transcription of the piRNA precursor, thus generating more piRNAs, leading to a self-amplification loop [20] .
In Drosophila and Caenorhabditis elegans, maternal piRNAs had been shown to activate gene expression in the progeny [2, 3, 20] . Another example of host gene activation by maternal RNA is the fem-1 RNA in C. elegans [1] . The mechanism for fem-1 RNA-mediated epigenetic gene licensing appears to be different from that of sisR-4 because the intronic sequence of fem-1 is not required for activation. Maternally inherited sisRNAs may play a general role in promoting host gene expression. Half of the previously identified maternal sisRNAs in total RNA samples (15/29, including the fem-1 sisRNA) [7] map to regions of high DNase sensitivity during early development ( Figure S4 ; Table S2 ). In general, sisRNAs may provide a potential mechanism for the phenomenon of intron-mediated enhancement seen in plants and animals [21] . Recent studies have suggested that long ncRNAs can function to recruit transcription factors to regulate gene expression [22, 23] . Thus, it is conceivable that sisRNAs may function to recruit transcription factors to intronic enhancers in a sequence-specific manner or establish a permissive chromatin structure for transcription. With growing evidence of enhancer RNAs derived from introns [24] , the promotion of zygotic gene activity by maternally deposited sisRNAs may be a conserved mechanism in metazoans and plants.
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